A high-enrichment method by liquid-liquid extraction using liquid surfactant membranes was developed for the determination of cobalt at pg cm-3 levels by graphite furnace atomic absorption spectrometry (GF-AAS) . Two cubic centimeters of w/o [water in oil, in this case dilute hydrochloric acid in kerosene (l:l) containing 2-ethylhexyl hydrogen 2-ethylhexylphosphonate (PC-88A)] emulsion droplets coated with sorbitan monooleate are dispersed in a resulting volume of 1000 cm3 of an aqueous sample solution (pH 4.7 -5.8) containing less than 1 mg of cobalt(II) . The analyte is extracted into the organic phase to form a complex with PC-88A and successively back-extracted into the inner acidic aqueous phase. After the w/ o emulsion phase is separated from the outer aqueous phase , the emulsions are demulsified into the organic and inner aqueous phases. The cobalt content is then determined by GF-AAS with an injection volume of 10 mm3 of the inner aqueous phase. By this procedure, a concentration factor of 550 was achieved for cobalt(II). As a result, the detection limit of cobalt was 10 pg cm-3 , and the calibration graph was linear up to 1 mg cm-3 of cobalt(II). The relative standard deviation for ten replicate measurements of 50 pg cm-3 cobalt(II) was 7.1 %. The results of an analysis of simulated nuclear reactor coolant water are given.
Regarding the separation and concentration of inorganic ions for atomic spectrometry we have reported on various techniques, including suction-flow on-line ion-exchange12, suction-flow on-line liquid-liquid extrac-tion3'4, and flow injection on-line liquid-liquid extraction.' In these methods, the obtained concentration factors were at most up to 100. However, higher sensitivity is required in order to determine the pg cm 3 levels of metal ions in samples such as boiling-water nuclear reactor (BWR) coolant water. To obtain a much higher concentration factor, the application of a separation technique using surfactant membranes is considered to be advantageous. This technique was established for industrial separation processes in isolating only a certain component from a mixture of hydrocarbons, e.g., heptane from a mixture (1:1) of heptane and toluene. 6 In the present work we tried to use liquid surfactant membranes for the determination of ultra-trace levels of cobalt and to establish the optimal conditions for extraction.
A simplified diagram showing the mass transfer process on the membrane system is illustrated in Fig. 1 . An outline of the preconcentration process is as follows: a fine dispersion of w/ o [dilute hydrochloric acid in kerosene containing 2-ethylhexyl hydrogen 2-ethylhexylphosphonate (henceforth commercial name, PC-88A)] emulsion droplets in a large amount of aqueous sample solution is formed by using sorbitan monooleate (henceforth commercial name, SPAN 80) as an emulsifier. Cobalt(II) in the outer aqueous phase is extracted into the organic phase as a complex with PC-88A present, already in the organic phase. The extracted analyte is, subsequently, back-extracted into the inner acidic phase in w/ o emulsions which are According to this procedure, cobalt at pg cm 3 levels is enriched in a small volume of the inner aqueous phase and can be determined by graphite furance atomic absorption spectrometry (GF-AAS).
Recently, Guardia and Sanchez reported an emulsion-formation technique for the determination of manganese in gasolines. It allowed the use of aqueous solutions for the preparation of the standards. However, the oil samples were simply emulsified with an emulsifier and water, and the o/ w emulsions were introduced into a flame atomic absorption spectrometer without demulsification.'
Guardia and Vidal used o/ w or w/o emulsions in the determination of copper and iron by flame AAS.8 However, their technique is essentially similar to conventional liquid-liquid extraction, i.e., preparing sample solutions by mixing an aqueous surfactant solution with 4-methyl-2-pentanone extracts of the copper and iron pyrrolidinedithiocarbamate complexes. By this procedure, they obtained sensitivities of 1.5-to 2.4-times higher than by direct aspiration of the aqueous solutions.
Experimental Apparatus
A Perkin-Elmer Model 5000 atomic absorption spectrometer equipped with a Model HGA 500 graphite furnace atomizer and a Model AS-40 autosampler (Norwalk, CT, USA) was used for the determination of cobalt(II). Both the peak height and the peak area were automatically printed out and displayed by using an if 800 Model 50 personal computer (Oki Electric, Tokyo, Japan). The formation of w/o emulsions was carried out with an Iuchi Seieido. Model NK-3 60W agitator (Osaka, Japan) and a Branson Model B-220 ultrasonic generator (Branson Cleaning Equipment, Selton, CT, USA). Tokyo Kagakusangyo Model SS-5 magnetic stirrers (Tokyo, Japan) were used for the extraction. The flow demulsification system comprised a couple of Sanuki Kogyo Model DM2M-2048 double-plunger pumps (Tokyo, Japan), a PTFE demulsification column, a T -joint, a phase separator with a microporous PTFE tube (1 mm i.d., 1.8 mm o.d., 10 cm long, 70% porosity, Japan Gore-Tex, Tokyo, Japan) and an oil bath. Other parts of the flow system were connected with 1 mm i.d. PTFE tubings. Quartz wool (Kishida Chemical, Osaka, Japan), quartz fiber (Nippon Rikagaku Kikai, Tokyo, Japan) or PTFE wool (Nippon Rikagaku Kikai) was used for packing as a filler in the demulsification column. The assembly is shown in Fig. 2 .
Reagents
All chemicals were of analytical-reagent grade. Pure water from an Advantec Toyo GS-901 water purification system (Tokyo, Japan) was used. The conductivity of the water was less than 0.1 µS cm'. A 1000.tg cm-3 cobalt(II) standard solution (Kanto Chemicals, Tokyo, Japan) was used by appropriate dilutions with 0.1 mol dm 3 hydrochloric acid. W/ o emulsions were prepared by dissolving 5.0 g of SPAN 80 (Kanto Chemicals) as an emulsifier and 3.0 g of PC-88A (Daihachi Chemical, Neyagawa, Japan) as a carrier to 100 cm3 with kerosene, followed by mixing with 100 cm3 of 3 mol dm-3 hydrochloric acid using the agitator and the ultrasonic generator. A 1.0 mol dm-3 acetate buffer solution was prepared with ammonium acetate and acetic acid. 2-Ethylhexanol was used as a demulsifier.
Recommended procedure
A sample solution containing not more than 1.0 mg of cobalt(II) was transferred to a 1000 cm3 volumetric flask. The pH of the solution was adjusted to 5.2 by adding 10 cm3 of the buffer solution and diluting to 1000 cm3 with water. Then, 2 cm3 of the w/ o emulsions were taken with a transfer pipet and injected into the flask while the outer aqueous solution was being stirred with the magnetic stirrer. After mixing for about 30 min, the upper w/ o emulsion phase was separated and transferred into the demulsification apparatus. As Fig. 2 shows, the streams of the w/ o emulsions and the demulsifier were separately pumped through the PTFE tubes and mixed. This mixture was carried into the demulsification column and heated. Finally, after a demulsified inner aqueous phase was obtained, an aliquot of this material was injected into the graphite furnace and the atomic absorption signal of cobalt was measured. The instrument operating conditions are listed in Table 1 .
Results and Discussion
Liquid surfactant membrane extraction In order to establish the optimum experimental conditions, various variables concerning liquid surfactant membrane extraction were investigated.
The driving force acting behind the enrichment of metal ions is the diffusion of protons from the inner aqueous phase to the outer aqueous phase. Therefore, the acidity in the two aqueous phases is the most important parameter in this extraction system. The effect of pH in the outer aqueous phase on extraction was examined by extracting cobalt(II) from a series of the outer aqueous phase containing 100 tg cobalt(II) at various pH values; other variables in the recommended procedure were kept constant. The results are shown in Fig. 3 . The extraction efficiency was maximum and constant within the pH range 4.7 -5.8. The extraction efficiency was obtained by calculating (C-Cf)/ C;, where C; and Cf are the initial and final concentrations of cobalt(II) in the outer aqueous phases, respectively. Therefore, the pH of the outer aqueous phase was adjusted to 5.2. As for the buffer solution, three kinds of buffer solutions (acetate, phosphate and borate) were tested. As Fig. 4 shows, the extraction efficiency tends to decrease with an increase in the concentration of buffer solution. This may be due to a breakage of w/ o emulsions.9 The maximum efficiency was achieved with an acetate buffer solution of 0.01 mol dm 3 concentration.
The effect of acidity in the inner aqueous phase was also investigated.
Quantitative back-extraction was carried out in the range 1-6 mol dm 3 in hydrochloric acid. Consequently, 3 mol dm3 hydrochloric acid was employed.
In an extraction system using liquid surfactant membranes, the emulsions must have a high stability in the extraction process. On the contrary, the inner aqueous phase which is used for analysis, should be easily separated from the organic phase in the demulsification process. Both properties of the emulsions are dependent upon the concentration of the emulsifier. From these considerations, we selected SPAN 80 as a suitable emulsifier and 5%(w/v) as the optimal concentration in the initial organic phase, which minimized the breakage of emulsions and allowed easy demulsification.
The concentration of the carrier (PC-88A) during the initial organic phase was varied from 1 to 20% (w/ v). The extraction efficiency increased with the concentration up to 3% and then decreased. Hence, a carrier concentration of 3% was adopted.
Vigorous stirring is not recommended, since the w/ o emulsions are broken.
Under moderate stirring at 600 min-' at least 30 min were required for mixing.
Demulsfiication
The demulsification procedure was optimized with respect to the following parameters: heating temperature, column filler and demulsifier. As Fig. 2 shows, the w/ o emulsions were heated while the emulsions were being passed through the demulsification column. Fig. 3 Effect of the pH of the outer aqueous phase on the extraction efficiency for cobalt(II). C,, initial cobalt(II) concentration in the outer aqueous phase; Cf, final cobalt(II) concentration in the outer aqueous phase; cobalt(II),100 µg; outer aqueous phase, 1000 cm3; inner aqueous phase (3 mol dm 3 hydrochloric acid), 1.0 cm3. Fig. 4 Effect of the type of buffer solution on the extraction efficiency. (0), CH3COONH4-CH3000H; (+), KH2P04-Na2HPO4; (0), Na2B40,-HCI. Other conditions are the same as in Fig. 3 .
The effect of temperature on the demulsification efficiency is shown in Fig. 5 . The efficiency increased as the temperature increased (up to 90° C), and then decreased.
Therefore, 90° C was adopted for the temperature.
To facilitate demulsification, several column fillers (glass wool, glass fiber and PTFE wool) were used. The demulsification efficiency increased whichever filler was packed in the column. Among them, glass wool was the most effective. The fillers and their effect on demulsification are listed in Table 2 .
In relation to the treatment of organic waste fluids, Korenaga et al. reported that the presence of monohydric alcohol (such as methanol, ethanol, propanol and butanol) has a stronger effect to destabilize w/ o emulsions.10 In our system, 2-ethylhexanol was confirmed to be favorable because of its much lower solubility in water. Consequently, dilution of the aqueous phase with a demulsifier was avoided. For complete demulsification, a flow rate of 0.35 cm3 min' was sufficient.
Sensitivity and precision
Under the operating conditions summarized in Table  1 the recommended procedure was established on the basis of the above-mentioned results. By using this procedure, a high enrichment of cobalt(II) is achieved; the concentration factor obtained was 550, which was calculated by dividing the concentration of cobalt(II) in the final inner aqueous phase by that in the initial outer aqueous phase. The detection limit was 10 pg cm3 of cobalt(II). This value was defined as being the initial concentration in the outer aqueous phase required to give a signal three-fold greater than the standard deviation of the base-line fluctuation.
A straight working curve for cobalt(II) was obtained by using standard solutions up to 1 sg cm 3 of cobalt(II) initially present in the outer aqueous phase. The relative standard deviation for 10 replicate measurements of 50 pg cm 3 of cobalt was 7.1%.
Interference study
The effects of ubiquitous cations and anions were investigated by using each 1000 cm3 of the outer aqueous solution containing 100 ng of cobalt(II). Tolerable amounts of foreign ions, which gave less than a 10% error for the determination of cobalt, were evaluated. The maximum concentration examined was 1000-times the concentration of cobalt by weight. Within the concentration ratio, sodium, potassium, magnesium, calcium, aluminum, manganese, iron, copper, zinc, nitrate, phosphate, sulfate and chloride gave no interference. A positive interference was encountered from nickel(II) and the tolerable amount was 100fold that of cobalt. We confirmed that this interference occurred in the atomization stage and could be removed by using an excess amount of nickel(II) as a matrix modifier in the furnace.
Application to practical samples
An attempt was made to test the application of this method to the determination of cobalt(II) in BWR coolant water. However, since there was no standard coolant concentration for cobalt(II) and no practical sample was available, a simulated sample was prepared according to a method described in the literature'', containing manganese(II), nickel(II) and zinc(II) with a concentration of 50, 100 and 200 pg cm 3, respectively. The results are listed in Table 3 . The recovery of cobalt(II) ranged from 91 to 99%. Therefore, the proposed method is applicable to the determination of ultra-trace levels of cobalt in such samples as nuclear reactor coolant water. 
